Abstract-Plasma immersion ion implantation (PIII) has recently been shown to be a viable method to fabricate silicon-oninsulator (SOI) materials using either the SPIMOX (separation by plasma implantation of oxygen) or the ion cut/wafer bonding method. We have recently modified and characterized a new generation plasma immersion ion implanter for SOI fabrication, and this paper will discuss some of the instrumental and processing issues, including the plasma source, mean free path consideration, and dc sheath characteristics.
a method called SMART-CUT TM or ion cut was proposed by SOITEC, making use of wafer cleavage after hydrogen implantation and subsequent wafer bonding [4] . This technique is potentially cheaper than the conventional BESOI process because one of the wafers can be recycled. The materials cost of SOI can be further reduced if an alternative way can be found to reduce the time required to implant a high enough dose of oxygen (SPIMOX) or hydrogen (ion-cutting).
Plasma immersion ion implantation (PIII) is a burgeoning technique offering many applications in materials and semiconductor processing [5] [6] [7] . In PIII, the sample is immersed in a plasma shroud from which ions are extracted and accelerated through a high-voltage sheath into the target. The dose rate can be as high as ions cm s which is equivalent to ten monolayers of implanted atoms per second and at least an order of magnitude higher than that of a conventional ion implanter. Since the entire wafer is implanted simultaneously, the implantation time is independent of wafer size, thereby offering an extremely attractive approach for 300-mm wafers. The use of PIII to synthesize SOI materials has been investigated, and the results are very encouraging [8] [9] [10] [11] [12] . In spite of the tremendous potential, the development of commercial PIII instrumentation has not caught up. We recently installed two new generation plasma immersion ion implanters. The first one was designed for general and metallurgical applications [13] , and the second one that was used to investigate SOI fabrication parameters for this work was acquired from Waban Technology, Inc. and modified by the research staff at the City University of Hong Kong. Fig. 1 shows a schematic of the system configuration of the second prototype with the integration of the radio frequency (RF) plasma source. It consists of a chamber with a multipolar magnetic confinement structure, 13.45-MHz RF power amplifier, tuning matching network, inductively coupled plasma (ICP) antenna unit, vacuum and gas handling, wafer temperature control, and high-voltage power supply (dc or pulse generator). The vacuum chamber is 66 cm (26 in) in diameter and 80 cm (32 in) high. The large processing chamber is designed to accommodate a 300-mm (12-in) wafer. A multipolar bucket structure is used for plasma confinement in the chamber.
We have investigated the operational phase-space of the SPIMOX process [14] , and in this paper, we will describe the instrumental and processing aspects of the synthesis of SOI materials by both the SPIMOX and PIII ion cut techniques [15] .
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II. CHARACTERISTICS OF PLASMA SOURCE
One of the most important instrumental parameters for the successful fabrication of SOI materials is plasma uniformity which has a direct impact on the dose uniformity. This is more important for SPIMOX than ion-cut/wafer bonding because, in SPIMOX, the buried oxide and the surface epitaxial layer must be very uniform laterally, whereas in the latter process, the implanted hydrogen dose just needs to be uniform enough to cause continuous cracking along the wafer plane. Minor uneven cracking is acceptable because most of the materials will be polished away to leave a thin epitaxial layer on the bonded wafer. The proprietary plasma source used in this study is based on a patented source design [16] . The source was designed to accomplish superior SOI implant processing characteristics over large substrate areas including excellent ion density uniformity 4% across a 400-mm-diameter wafer) with a reasonable ion density 10 cm wide ranges of operating pressure (0.1-100 mTorr), and ease of operation.
To characterize the performance of the plasma source, a Langmuir probe with a quarter-in-diameter tantalum disk tip was used for plasma measurements. Biasing this tip allows the collection of electrons or ions. Electron temperatures of 2-4 eV and plasma potential of 15-25 V, which depended on the pressure, RF power, and position in the chamber, were obtained from the Langmuir probe I-V measurements for a nitrogen plasma. Fig. 2 displays the relationship of the plasma density versus working pressure for different axial distance to source when the RF power is 800 W. Figs. 3 and 4 show the plasma density radial profiles in the chamber for different axial-tosource distances when the RF power is 800 W and the pressure is 1 and 2 mTorr, respectively. At a pressure of 2 mTorr and RF power of 800 W, the ion density uniformity is within 1.2, 2.3, 20.9, and 37% across 150 mm (6 in), 200 mm (8 in), 300 mm (12 in), and 400 mm (16 in) wafers, respectively. At a pressure of 1 mTorr, excellent plasma density uniformity can be achieved at an axial distance of 20 cm to source. When the RF power is 800 W, the ion density uniformity is within 2, 4, 4, and 4% across 150 mm (6 in), 200 mm (8 in), 300 mm (12 in), and 400 mm (16 in) wafers, respectively. Although a better uniformity is observed at higher pressure (2 mTorr) for a target which is smaller than a 200-mm wafer, much better uniformity is achieved at lower pressure for a target larger than 300 mm. Since we see no fundamental scaling problem in the plasma source, the ion density uniformity of 4% across 406.4 mm (16-in-diameter silicon wafer) is a great improvement from 15% across a 300 400 mm panel as claimed by a Nissin ion shower machine. Presently, the maximum ion density is mostly limited by the RF power supply with 1000-W drive power (average power on each antenna is only 250 W). Higher ion density can be expected if higher RF power is applied to the source. However, for the SOI process, very high ion density is not desired due to the power limitation of the high-voltage power supply and the heat dissipation limitation on the wafer during the PIII process. Overheating of the wafer caused by high dose-rate and high-energy ion bombardment must be avoided for both the SPIMOX process using oxygen implantation as well as the ion-cut process using hydrogen or helium implantation.
III. PIII/SOI PROCESS CONSIDERATIONS
The characteristics of the sheath during PIII process are very important for the optimal design of the PIII configuration and process control. For example, the sheath thickness is critical to the chamber design (chamber size sheath thickness plus target size for a stable plasma) and mono-energetic ion implantation for collisionless plasma, where is the sheath thickness and is the mean free path of ion-neutral charge exchange collision in the sheath). This is particularly important to the SPIMOX or ion-cutting processes because there are some special requirements. An as-implant profile with an ideal Gaussian distribution beneath the silicon surface is required for a good quality box structure. Therefore, monoenergetic implantation is desirable. The PIII process for SOI formation usually has a relatively thicker sheath because of two reasons. The first reason is that a high voltage ( 50 to 100 kV) is required to attain a sufficiently large implantation depth, and the second reason is that the ion density is relatively small when the operating pressure is kept low in order to maintain a mean free path larger than the sheath thickness (see characteristics of the plasma source). Besides, the ion density needs to be kept at a relatively low level to stay below the maximum output power of the high-voltage power supply. However, the thicker sheath will directly conflict with the monoenergetic ion implantation requirement if the process pressure can be kept at the lowest level. Therefore, the precise modeling and simulation of the sheath are very important in order to predict the sheath characteristics and to control the process conditions. Modeling and simulation of the sheath can also be used to predict doping results such as the implant dose and impurity profile.
IV. MONOENERGETIC IMPLANT REQUIREMENTS
A low operating pressure is required to meet collisionless conditions for monoenergetic implantation. Figs. 5 and 6 depict the relationship between the mean free path and the operating pressure for oxygen and helium plasmas, respectively. The mean free paths in oxygen and helium plasmas are 2 and 1.5 cm, respectively, when the pressure is 10 mTorr. They increase to 20 and 15 cm, respectively, when the pressure decreases to 1 mTorr, and further increase to 200 and 155 cm, respectively, when the pressure decreases to 0.1 mTorr.
Contrary to conventional PIII conditions, dc bias or quasidc bias (the flat part of each pulse is much longer than the rise time and fall time of the pulse) in lieu of pulse bias is required for monoenergetic implantation. It is because the ionmatrix sheath characteristics and the rise time, fall time of the high-voltage pulse, even in a collisionless plasma, will cause a broadened energy distribution of the implanted ions. 
V. DC SHEATH CHARACTERISTICS
The dc sheath thickness can be characterized by the wellknown Child-Langmuir Law of the space-charge-limited current in a one-dimension planar coordinate (1) and a steady-state ion current at the sheath edge with a Bohm acoustic speed (2) where is the ion current density crossing the sheath edge, is the free-space permittivity, is the ion charge, is the ion mass, is the absolute value of the applied potential, is the sheath thickness, is the ion density, and is electron temperature in units of electron volts.
The steady-state sheath thickness can be obtained by solving (1) and (2) simultaneously, so that (3) in which is the ion-matrix sheath defined as the sheath formed when , but is longer than the electron response time and shorter than the ion response time and is given by (4) From (3), we can see that, like ion-matrix sheath the dc sheath is independent of the ion species. After the steady-state sheath is determined, the implant ion current, which is also a steady-state current, can be obtained directly from the Child-Langmuir Law (5) 1 10 cm respectively. When the ion density is 4 10 cm as shown in Fig. 3 , the sheath thickness is 26.2 cm. Fig. 8 shows the implant steady-state ion current versus dc biasing in an oxygen plasma for the different ion densities when the target is a 150-mm wafer. The ion current is independent of the applied potential. For a 150-mm wafer, the implant ion currents are 0.01, 0.101, and 1.01 A when the ion densities are 1 10 1 10 1 10 cm respectively. The corresponding implant dose-rates are 3.46 10 , 3.46 10 and 3.46 10 cm s when the ion densities are 1 10 1 10 1 10 cm respectively. When the ion density is 4 10 cm as shown in Fig. 3 , the implant ion current is 0.0404 A for a 150-mm wafer, and the corresponding implant dose-rate is 1.38 10 cm s. Fig. 9 shows the implant statistical ion current versus dc biasing in a helium plasma for the different ion densities when the target is a 150-mm wafer. Helium PIII yields a higher implant ion current because it has a lighter ion mass. Again, the implant ion current is independent of the applied potential. For a 150-mm wafer, the implant ion currents are 1 10 cm respectively. When the ion density is 4 10 cm as shown in Fig. 3 , the implant ion current is 0.081 A for a 150-mm wafer, and the corresponding dose-rate is 2.77 10 cm s. Table I summarizes the sheath thickness, ion currents, and dose rates of oxygen PIII (SPIMOX) and helium PIII (ion-cut) for different ion densities.
In order to optimize the SOI PIII process, several factors have to be seriously considered including working pressure, plasma density, plasma density uniformity, and system cost (chamber and power supply). All of them are relevant and may conflict with each other. For an optimal PIII system design (more compact and lower cost), a higher ion density is desired because a thinner sheath and higher implantation dose will result. However, there may be process limitations for high ion density PIII such as the collisionless requirement, overheating of the sample, maximum power output of the pulse generator, and degraded ion density uniformity. For example, a higher ion density equal to 6 10 cm can be obtained when the pressure is 2 mTorr (Fig. 4) and yields a better ion density uniformity (1.2%) for a 150-mm wafer. However, a worse ion density uniformity 20% for a wafer size larger than 200 mm will result when using a pressure of 1 mTorr. We can assume that is a criterion for the collisionless condition. From Fig. 7 , the sheath thickness is 30 cm when the potential is 50 kV and ion density is 5 10 cm However, the real sheath thickness is thinner if the two-or three-dimensional effects [17] are taken into account and is dependent on the process conditions as well as the ratio of sheath thickness scale and the target size. Under current conditions and a 150-mm wafer, the real sheath thickness is roughly half of the one-dimensional results, that is, 15 cm. The mean free paths at 2-mTorr pressure, shown in Figs. 5 and 6, are 10 and 8 cm for oxygen and helium plasmas, respectively. It does not satisfy the collisionless condition. When the pressure is 1-mTorr (Fig. 3) , the ion density is 4 10 cm with a good density uniformity ( 4%) across a 400-mm wafer. As depicted in Figs. 5 and 6, the mean free paths at 1 mTorr pressure are 20 and 15.5 cm for oxygen and helium plasmas, respectively. They are larger than the sheath thickness (15 cm) so that the collisionless condition is satisfied.
A higher ion density and consequently a higher implant current density may cause two problems. They are overheating of the sample and the maximum output current of the power supply. Overheating of the sample during PIII must be avoided. The cost of the high-voltage dc power supply is significantly increased with the output power, which is determined by the product of the output voltage and current. The implant ion current is only a small fraction of the total implant current due to the secondary electron emission during PIII. The total implant current is where is the ion-impact secondary electron emission coefficient, which depends on the ion species, ion energy, target material, and target surface conditions. For instance, when the ion energy is 50 keV, are 2.4 and 3 for He and O respectively [18] . The total implant currents of 50-keV He PIII will be 7, 0.7, and 0.07 A for a 150-mm wafer when the ion densities are 10 10 and 10 cm respectively. When the ion density is 4 10 cm the total implant currents of 0.164 and 0.280 A are required for SPIMOX (oxygen implant) and ion-cut (helium implant) processes. They are indeed big burdens for the high-voltage dc power supply. 
